Protein histidine phosphorylation in eukaryotes has been sparsely studied compared to protein serine/threonine and tyrosine phosphorylation. In an attempt to rectify this by probing porcine liver cytosol with the phosphohistidinecontaining peptide succinyl-Ala-His(P)-Pro-Phe-p-nitroanilide (phosphopeptide I), we observed a phosphatase activity that was insensitive towards okadaic acid and EDTA. This suggested the existence of a phosphohistidine phosphatase different from protein phosphatase 1, 2A and 2C. A 1000-fold purification to apparent homogeneity gave a 14-kDa phosphatase with a specific activity of 3 lmolAEmin )1
Protein histidine phosphorylation in eukaryotes has been sparsely studied compared to protein serine/threonine and tyrosine phosphorylation. In an attempt to rectify this by probing porcine liver cytosol with the phosphohistidinecontaining peptide succinyl-Ala-His(P)-Pro-Phe-p-nitroanilide (phosphopeptide I), we observed a phosphatase activity that was insensitive towards okadaic acid and EDTA. This suggested the existence of a phosphohistidine phosphatase different from protein phosphatase 1, 2A and 2C. A 1000-fold purification to apparent homogeneity gave a 14-kDa phosphatase with a specific activity of 3 lmolAEmin )1
AEmg
)1 at pH 7.5 with 7 lM phosphopeptide I as substrate. Partial amino-acid sequence determination of the purified porcine enzyme by MS revealed similarity with a human sequence representing a human chromosome 9 gene of hitherto unknown function. Molecular cloning from a human embryonic kidney cell cDNAlibrary followed by expression and purification, yielded a protein with a molecular mass of 13 700 Da, and an EDTA-insensitive phosphohistidine phosphatase activity of 9 lmolAEmin )1
)1 towards phosphopeptide I. No detectable activity was obtained towards a set of phosphoserine-, phosphothreonine-, and phosphotyrosine peptides. Northern blot analysis indicated that the human phosphohistidine phosphatase mRNA was present preferentially in heart and skeletal muscle. These results provide a new tool for studying eukaryotic histidine phosphorylation/dephosphorylation.
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Boyer and coworkers detected protein-bound phosphohistidine in rat-liver mitochondrial succinyl-CoA synthetase almost 40 years ago [1, 2] . Despite the long time interval and the fact that phosphohistidine represents a substantial fraction of eukaryotic protein-bound phosphate [3] , only a few phosphohistidine-containing proteins have been detected compared to the large number of eukaryotic proteins phosphorylated on serine, threonine and tyrosine residues. One reason for this difference may be that the N-bound phosphate of phosphohistidine easily escapes detection by common analytical procedures, due to its lability under acidic conditions, e.g. during fixation and staining of gels after SDS/PAGE [4] .
The studies on eukaryotic protein histidine phosphorylation and dephosphorylation have dealt with essentially two aspects. One is the intermediary phosphorylation of enzymes [5] [6] [7] [8] [9] [10] , of which nucleoside diphosphate kinase is a particularly well-studied example. The other is the reversible protein histidine phosphorylation by protein kinases and phosphatases [3, 11] . An important contribution to the latter field was the purification of a yeast protein histidine kinase in 1991 [12] . Access to this enzyme also made possible the preparation of 32 P-labelled histone H4, which was later used as substrate in the search for phosphohistidine phosphatases. Using such an approach, the catalytic subunits of the well-studied serine/threonine protein phosphatases 1, 2A and 2C were shown to display k cat /K m values in the order of 10 6 )10
AEs
)1 for the phosphohistidinecontaining histone H4. These values were at least as high as those for their naturally occurring phosphoserine-containing substrates [13, 14] .
Notwithstanding these findings, there is still a possibility that additional phosphohistidine phosphatases exist. For instance, a 13-kDa bovine liver phosphoamidase has been reported to possess activity also towards intermediary phosphorylated nucleoside diphosphate kinase and succinyl-CoA synthetase [15] . In a recent review [16] , data in press on a 14-kDa phosphatase from rabbit liver that dephosphorylates the phosphohistidine of autophosphorylated ATP-citrate lyase is reported [17] .
In the search for new phosphohistidine phosphatases we tried a different approach. It seemed reasonable to assume that the immediate environment of the N-phosphate of protein-bound phosphohistidine can influence its sensitivity to a phosphatase. Of potential interest in such a context was the finding that the rate of isomerization of the histidineproline bond in the peptide Suc-Ala-His-Pro-Phe-pNA is influenced by the degree of protonation of its imidazole ring [18] . We therefore performed a chemical N-phosphorylation of the imidazole of this peptide by means of phosphoamidate, and used Suc-Ala-His(P)-Pro-Phe-pNA (phosphopeptide I) as a probe to search for new phosphohistidine phosphatases. As the result of that screening we detected a 14-kDa phosphatase in porcine liver cytosol and were also able to ascribe phophohistidine phosphatase activity to a 14-kDa protein coded for by a human chromosome 9 gene.
E X P E R I M E N T A L P R O C E D U R E S

Materials
Phosphoamidate was prepared according to the method of Wei and Matthews [4] . Suc-Ala-His-Pro-Phe-pNA was purchased from Bachem AG, Switzerland. Preparation of the phosphohistidine-containing peptide Suc-Ala-His(P)-Pro-Phe-pNA
The protocol used was adapted from that used for the synthesis and isolation of free 3-phosphohistidine by Wei and Matthews [4] . Phosphoamidate (275 mM) and the peptide Suc-Ala-His-Pro-Phe-pNA (25 mM) were incubated at room temperature for 48 h in a total volume of 200 lL. The mixture was then diluted with 2 M MDEA, pH 9.0, and 100% methanol to give 1.6 mM peptide in 0.13 M MDEA/ 20% methanol, and applied to a 1-mL Mono Q column equilibrated with 0.13 M MDEA, pH 9.0, containing 20% methanol. After washing with 2 mL of equilibration buffer, the phosphopeptide was eluted with a 25-mL linear gradient of 0.13-1.17 M MDEA in 20% methanol at 1 mLAEmin
The pNA-containing phosphopeptide I, which was traced by its absorbance at 315 nm, appeared as a peak at 0.33 M MDEA and was essentially stable in this buffer at +4°C for at least 4 months. The phosphate content of the phosphopeptide was analysed by the malachite green method [19] . The peptide concentration was calculated by using the molar absorbancy 13 600 of pNA at 315 nm. The nature of the phosphohistidine isomer in phosphopeptide I was not determined, but it was considered to be 3-phosphohistidine, rather than 1-phosphohistidine, due to the 48 h phosphorylation time used [4, 20] .
Phosphatase assays
The standard assay of the phosphohistidine phosphatase activity was performed at 30°C and pH 7.5 in a 150-lL reaction mixture consisting of 25 mM Hepes, 15 mM MDEA, 1 mM MgCl 2 and 7 lM phosphopeptide I. The reaction was stopped after 10-30 min by addition of 2 M KOH to give pH 12.5. After 10 min incubation at 0°C, 1 M HCl was added to give pH 9.0. The mixture was then applied to a 1-mL Mono Q column equilibrated in 0.085 M MDEA, pH 9.0, in 20% methanol. After washing with 2 mL of the equilibration buffer, elution was performed with a 25-mL linear gradient of MDEA from 0.085 M to 0.765 M in 20% methanol at 1 mLAEmin
. The absorbance at 315 nm was monitored and the degree of dephosphorylation was calculated from the peak areas of phosphorylated and dephosphorylated peptides. In a control experiment, the stoichiometry of the cleavage was confirmed by the occurrence of equal amounts of orthophosphate and unphosphorylated Suc-Ala-His-Pro-Phe-pNA. The identity of the peptide product was controlled by amino acid analysis.
In initial phosphohistidine phosphatase assays with porcine liver cytosol, the phosphorylated and dephosphorylated peptides were separated on a 24-mL Superose 12 column in 0.10 M MDEA, pH 9.0. In this system, phosphopeptide I was eluted after 0.5 column volumes, whereas the corresponding dephosphopeptide was eluted after 0.9 column volumes. Both peptides were traced by the absorbance at 315 nm.
Phosphoamidase activity of the porcine liver phosphohistidine phosphatase was assayed by incubating the phosphatase with 1 mM phosphoamidate in 25 mM Hepes, pH 7.5, at 30°C for 30 min [15] . The released orthophosphate was measured by a modification of the method of Martin and Doty [21] , using toluene instead of benzene. To keep background hydrolysis of the acid-labile phosphoamidate as low as possible, the sample (200 lL), isobutanol/ toluene 1 : 1 (250 lL), and 5% ammonium molybdate in 2 M H 2 SO 4 (50 lL) were added in that order, and extraction was performed by immediate vortex-mixing in a capped Eppendorf test-tube for 15 s, followed by centrifugation in an Eppendorf centrifuge at 8000 g for 1 min. The phosphomolybdate was determined by the absorbance at 720 nm obtained after mixing 130 lL of the organic phase with 130 lL of acid ethanol and 6.25 lL of dilute SnCl 2 , prepared as described [21] .
The activity of human recombinant phosphohistidine phosphatase, prepared as described below, was tested against the eight O-phosphopeptides containing phosphoserine, phosphothreonine or phosphotyrosine, described under Materials. The phosphopeptides were incubated at 50 lM final concentration under the conditions of the standard phosphohistidine phosphatase assay. The reaction was interrupted by mixing 100 lL aliquots of the reaction mixtures with 100 lL of 1 M HCl in a 96-well microtitration plate, followed by 50 lL of malachite green reagent [19] . After 60 min, A 620 was measured in a TitertekÒ Multiskan from Flow Laboratories.
Preparation of porcine liver cytosol
For small-scale preparation of cytosol, 10 g of fresh porcine liver obtained from the local abattoir was homogenized for 1 min at 600 r.p.m. in three volumes of homogenization buffer (0.25 M sucrose, 10 mM Hepes, pH 7.5, 1 mM EDTA and 1 mM diisopropyl fluorophosphate) using a 50-mL Potter-Elvehjem homogenizer with a loose-fitting Teflone rotor (diameter of 24.6 mm). This was followed by one stroke of a standard, tight-fitting rotor (25.2 mm). For large-scale preparations, batches of 100 g porcine liver each were homogenized in a 1-L Turmix mixer for 10 s at full speed. In both cases, the homogenates were centrifuged at 600 g for 10 min in a refrigerated centrifuge, followed by centrifugation of the supernatant at 14 500 g for 5 min. The latter supernatant was then centrifuged at 45 500 g for 2 h.
Purification of phosphohistidine phosphatase from porcine liver cytosol
A mixture of 320 mL 10 mM Hepes, pH 7.5 and 320 mL of cytosol from 130 g of liver, was stirred for one hour with 600 mL of DEAE-cellulose, equilibrated in 25 mM Hepes, pH 7.5. The slurry was then packed into a column (6.5 · 18 cm), washed with 3600 mL of equilibration buffer, and eluted with a 2000 mL linear gradient of 0-0.5 M NaCl in equilibration buffer. The phosphohistidine phosphatase, which appeared at 0.15 M NaCl, was concentrated fivefold with a Diaflo membrane YM-10, Amicon. The material was divided into two 10-mL aliquots, each of which was chromatographed on a Sephadex G-200 column (3 · 30.5 cm) in 50 mM Hepes, pH 7.5. Fractions with phosphohistidine phosphatase activity were pooled, diluted with one volume of water and filtered through a 0.2-lm Millipore filter. A total of 20 mL, representing 50% of the material from one G-200 column, was loaded onto a 1-mL Mono Q column equilibrated in 25 mM Hepes, pH 7.5. Elution was performed with a 20-mL linear gradient of 0-0.5 M NaCl in equilibration buffer at a flow-rate of 1 mLAEmin
. The enzyme, which appeared at 80 mM NaCl, was further purified on a 2.4-mL Superose-12 column equilibrated and eluted with 25 mM Hepes, pH 7.5, containing 150 mM NaCl. All purification steps were performed at 4°C. Protein was estimated from the absorbance at 280 nm [22] . The purified protein was analysed by SDS/ PAGE [23] .
Amino acid sequencing by MS
Samples containing purified porcine liver phosphohistidine phosphatase were digested with trypsin or LysC as described [24] . The peptide mixtures were analysed by MS and sequence determinations of selected peptides were performed by MS/MS in a Q-tof mass spectrometer, equipped with a nanospray interface (Micromass, Manchester, UK). All MS data were processed and analysed with MASSLYNX software programs.
RNA isolation and molecular cloning of human phosphohistidine phosphatase cDNA Human embryonic kidney cells (HEK293) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 60 lgAEmL )1 of penicillin and 50 lgAEmL )1 of streptomycin until confluence. The cells were trypsinized and washed with NaCl/P i (15 mM phosphate buffer, pH 7.4, in 135 mM NaCl). Total RNA was extracted according to the LiCl/urea/SDS procedure of Sambrook et al. [25] . About 1 lg of the RNA was used as template for RT-PCR. Single strand cDNA was prepared in a volume of 20 lL with First Strand cDNA Synthesis Kit for RT-PCR (Roche). The PCR apparatus was a PTC 100 from MJ Research Inc.
A portion (2 lL) of the single strand cDNA was used for amplification of the potential phophohistidine phosphatase cDNA. The PCR primers were based on a human nucleotide sequence reported from GenBank (accession number AF164795) which contained a putative 378 bp coding domain for a protein containing sequences homologous to peptides of the purified porcine protein. The sense primer (5¢-ATG GCG GTG GCG GAC CTC GCT CTC AT-3¢) corresponded to bp 9-34 of AF164795 and the antisense primer (5¢-TCA GTA GCC GTC GTT AGC CCA GGT GA-3¢) corresponded to bp 361-386 at the 3¢-end, including the stop codon. PCR was performed under the conditions: 1 cycle of 95°C for 3 min, 35 cycles each of 95°C for 30 s, 68°C for 30 s and 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR product was 3¢-adenylated, inserted into the TOPO-TA Cloning Vector pCRÒ II TOPO, and transformed to a competent bacterium (TOP10, Invitrogen), as described in the protocol provided by the manufacturer. One of the clones that contained the complete coding sequence was chosen for further processing.
Nucleotide sequencing
Nucleotide sequencing was performed on clones of the pCRÒII TOPO (Invitrogen) and pET-24a(+) (Novagen) vectors carrying the inserts. T7 and Sp6 primers were used for both sense and antisense strands. The BigDye terminator method from Perkin-Elmer was used according to the instructions of the manufacturer. Sequencing was carried out in ABI Prism 310 Genetic Analyser from Perkin-Elmer.
Expression of the human phosphohistidine phosphatase recombinant protein
In order to permit the expression of a protein without tags, an expression construct was generated using the chosen clone as the template. The sense primer used was 5¢-CAT ATG GCG GTG GCG GAC CTC GCT-3¢, corresponding to nucleotides 1-21 of the coding sequence, preceded by a NdeI cleavage site at the 5¢-end. The antisense primer was the same as used for cloning. When the sequence had been confirmed, the insert was cut out by NdeI and NotI, and subsequently ligated into the expression vector pET24a(+). The expression construct was introduced into BL21(DE3) bacterial cells and selected on LB-agar plates containing kanamycin (50 lgAEmL ). Single colonies were picked and cultured at 37°C with and without 1 mM isopropyl thio-b-D-galactoside in 5 mL LB medium containing kanamycin (50 lgAEmL
). Cells were collected and lysed in 0.5 mL of 25 mM Hepes (pH 7.5) containing 2 mM phenylmethanesulfonyl fluoride, 10 lgAEmL )1 pepstatin A, 100 lgAEmL )1 lysozyme and 5 mM EDTA. After freezing, thawing, and ultrasonic treatment the supernatant was collected and analysed for phosphohistidine phosphatase activity.
The clone with the highest activity was cultured in 500 mL LB medium at 37°C in the presence of kanamycin (50 lgAEmL )1
) to an absorbance of 0.64 at 600 nm. Expression of the recombinant protein was then induced by addition of isopropyl thio-b-D-galactoside (1 mM). After 6 h, the cells were collected by centrifugation at +4°C and 4000 g for 10 min, washed twice in NaCl/P i and frozen at )70°C. The frozen pellet was later thawed, suspended in 10 mL 25 mM Hepes buffer, pH 7.5, containing 2 mM phenylmethanesulfonyl fluoride, 10 lgAEmL )1 pepstatin A and 5 mM EDTA and passed four times through a French Press. The cell lysate was centrifuged at 17 000 g for 10 min and the resulting supernatant was used for purification of the recombinant protein.
Purification of the recombinant phosphohistidine phosphatase
A 9-mL sample of the supernatant of the bacterial lysate was chromatographed on a Sephadex G-200 column (3 · 30.5 cm), in 50 mM Hepes, pH 7.5. The fractions containing the phosphatase activity were pooled to give 38 mL, of which 34 mL was diluted with 34 mL of water and loaded onto a 1-mL DEAE-cellulose column equilibrated with 25 mM Hepes, pH 7.5. Elution was performed with a 10-mL gradient of 0-0.5 M NaCl in the same buffer, at 0.5 mLAEmin . Phosphohistidine phosphatase activity was assayed with phosphopeptide I as the substrate. Protein was estimated from the absorbance at 280 nm [22] and by the Bradford method using bovine serum albumin as standard [26] . Chromatographic fractions were analysed by SDS/PAGE [23] . The size of the active, purified recombinant phosphohistidine phosphatase was estimated by chromatography on Superdex 75 in 25 mM Hepes, pH 7.5, containing 150 mM NaCl. Amino acid sequencing of tryptic fragments was performed by MS as described above. The intact recombinant protein was also analysed by MS.
Northern blot analysis
The cDNA of the full coding sequence of the human phosphohistidine phosphatase was labelled with [ 32 P]dCTP in a reaction with Klenow enzyme (Roche), and used as a probe in hybridization to a Human Multiple Tissue Northern (MTNÒ) blot (Clontech). The amount of mRNA was claimed by the manufacturer to be the same in each lane of this blot. The hybridization was carried out in ExpressHyb Hybridization Solution (Clontech) at 60°C for one hour and the blot was then washed with 0.1 · NaCl/Cit containing 0.5% SDS at 60°C (1 · NaCl/Cit was 150 mM NaCl in 15 mM sodium citrate, pH 7.0). The membrane was exposed to an X-ray film for 2 days.
R E S U L T S
Probing for a potential phosphohistidine phosphatase in porcine liver cytosol After passage through a column of Sephadex G-25 (PD-10), porcine liver cytosol showed a phosphohistidine phosphatase activity of 0.003 lmolAEmin
AEmg )1 protein when tested against 7 lM phosphopeptide I. No inhibition of the dephosphorylation was observed in the presence of 1 lM okadaic acid, nor did 1 mM EDTA in the absence of 1 mM magnesium chloride inhibit the enzyme.
Purification of phosphohistidine phosphatase from porcine liver
A phosphohistidine phosphatase with the specific activity 3 lmolAEmin )1
AEmg
)1 at pH 7.5, measured with 7 lM phosphopeptide I was obtained after a 1000-fold purification from the porcine liver cytosol (Table 1) . At pH 5.6, the activity was only 9% of that at pH 7.5. No activity was detected at pH 9.0. The specific activity toward 1 mM phosphoamidate was 0.6 lmolAEmin
. After the Mono Q step, the enzyme could be stored at )20°C for 1 year with less than 50% loss of activity. The last purification step on Superose 12 gave an apparently pure protein with a K av of 0.5, almost equal to the reference protein pancreatic ribonuclease, with the known molecular mass of 13.7 kDa. On SDS/PAGE, the purified material migrated as a single band with an apparent molecular mass of 14 kDa (not shown). These results indicated that the purified, active enzyme was monomeric.
Amino acid sequencing
In order to clone the enzyme, amino acid sequencing by MS was performed on peptides obtained by digestion of the purified porcine enzyme with trypsin or LysC. The resulting peptide sequences are shown in Table 2 . Using these peptides as probes during searching through sequence databases, we found a cDNA from human adrenal glands (accession number AF164795) [27] . Table 1 . Purification of porcine liver phosphohistidine phosphatase. The purification was performed as described under Experimental procedures.
Step
Total activity (lmolAEmin Cloning and expression of a human 14-kDa phosphohistidine phosphatase
Based on the human sequence data a pair of primers was designed for PCR cloning using a cDNA-library derived from human embryonic kidney cells as template. The 378-bp cDNA-fragment obtained was confirmed by sequencing to be identical to the human cDNA reported (AF164795). This DNA-fragment was inserted into an expression vector and the expression in bacteria was induced by isopropyl thio-b-D-galactoside. The phosphohistidine phosphatase activity in the bacterial lysate was about 40-fold higher than that observed with bacteria not treated with isopropyl thio-b-D-galactoside. After purification to apparent homogeneity, the recombinant protein displayed a phosphohistidine phosphatase activity towards phosphopeptide I. The specific activity was 9 lmolAEmin
AEmg )1 at pH 7.5. At pH 5.6, the activity was only 2% of that at pH 7.5. No activity was detected at pH 9.0. The pH-dependence of the recombinant human enzyme was thus similar to that of the porcine liver enzyme.
The specificity of the recombinant enzyme towards phosphohistidine was supported by the finding that none of the eight O-phosphorylated peptides described under Experimental procedures were detectably dephosphorylated; i.e. the cleavage was < 0.01 nmolAEmin )1 in experiments with an amount of phosphatase sufficient to cleave N-phosphorylated phosphopeptide I in the standard assay at the rate of 0.30 nmolAEmin
The purified human recombinant phosphohistidine phosphatase showed only one band in SDS/PAGE, with an apparent molecular mass of about 14 kDa. Upon chromatography on a Superdex 75 PC 3.2/30 column, the active human enzyme migrated as 13.7-kDa bovine pancreatic ribonuclease (data not shown). Thus, the recombinant protein was active as a monomer, as was the case also with the purified porcine enzyme. The nucleotide sequence of the cloned human cDNA and the corresponding amino acid sequence are shown in Fig. 1 . The identity of the expressed protein was confirmed by amino acid sequencing of tryptic peptides (Fig. 1, underlined sequence segments) . The analysis showed that the N-terminal peptide lacked the N-terminal formyl-Met expected from the nucleotide sequence. This finding was confirmed by MS-analysis of the intact, purified recombinant protein, which displayed a molecular mass of 13 700 Da (Fig. 2) , compatible with the average molecular mass (13 701 Da) calculated for the polypeptide containing amino acids 2-125 of the predicted sequence. The MS-data, collected under standard conditions for obtaining the protein mass, did not indicate the existence of any cofactors tightly bound to the enzyme.
The recombinant phosphohistidine phosphatase had apparently been subjected to N-terminal processing in the bacteria, since both the expected N-formyl group of N-terminal formyl-Met and the Met itself were absent. This usually occurs when alanine is the second amino acid [28] . Whether this alanine is the natural N-terminus of the phosphatase in human tissues remains to be determined.
Messenger RNA expression
When the full coding sequence for the human phosphohistidine phosphatase was used as the probe in a human multiple tissue Northern blot, we found that a 0.6-kb mRNA, i.e. the size of AF164795, was expressed predominantly in the heart and skeletal muscle tissue, whereas the expression in liver was comparatively low (Fig. 3) . Heart, skeletal muscle and pancreas in particular also contained larger sized mRNA that hybridized with the probe.
Sequence comparisons
Homologues were found in a few species when the amino acid sequence of human phosphohistidine phosphatase was used as the query for searching translated sequences of nonredundant nucleotide and EST databases at the NCBI site. No putative conserved domains were displayed. The alignment is shown in Fig. 4 . When the nucleotide sequence of the putative mRNA of the human phosphatase (AF164795) was used as the query, the phosphatase gene was found to be located on chromosome 9 (9q34.3).
Comparison with the continuous nucleotide sequence of this part of the chromosome (accession number AL355987) showed that the phosphatase gene contains three exons (Fig. 5) . A sequence of 82 bp of the noncoding-3¢-terminus overlaps with the noncoding 5¢-terminus of another gene of unknown function in human. The mRNA (accession number XM_088463) corresponding to the latter gene showed homology to the mRNA of a rat apical endosomal glycoprotein (accession number L37380).
D I S C U S S I O N
The present work describes the detection, isolation and partial amino acid sequencing of a porcine liver 14-kDa phosphohistidine phosphatase, and the consequential identification, cloning and expression of a corresponding, human 14-kDa phosphohistidine phosphatase. The fortunate choice of the phosphohistidine-containing peptide Suc-Ala-His(P)-Pro-Phe-pNA (phosphopeptide I) as the probing substrate was essential for this outcome.
Phosphatases 1, 2A and 2C represent most of the protein phosphohistidine phosphatase activity in liver cytosol when assayed with 5 lM phosphohistidine-containing histone H4 [29] . This activity was about twofold higher than that observed in the present work using phosphopeptide I. Still, the dephosphorylation of the phosphopeptide by porcine liver cytosol was apparently not due to protein phosphatases 1, 2A and 2C as judged from the lack of inhibition by okadaic acid and EDTA. Phosphopeptide I therefore seems to be a suitable substrate for estimates of the 14-kDa phosphohistidine phosphatase activity in crude extracts that also contain other phosphatases.
The identification of natural substrates of the 14-kDa phosphohistidine phosphatase will be a major task in the ]dCTP in a reaction with Klenow enzyme. The hybridization was carried out in ExpressHyb Hybridization Solution (Clonetech) at 60°C for 1 h and the blot was then washed with 0.1 · NaCl/Cit containing 0.5% SDS at 60 (°C). The membrane was exposed to an Xray film for 2 days. The mRNA-size (kb) is indicated at the right margin. Fig. 4 . Alignment of human phosphohistidine phosphatase to homologous proteins. The amino acid sequence of human phosphohistidine phosphatase (Fig. 1) was used as the query in a search against translated sequences of nonredundant nucleotide and EST databases at the NCBI site (http:// www.ncbi.nlm.nih.gov/blast). For alignment to the human query sequence, homologous mouse, bovine and porcine sequences were selected.
future investigation of the physiological role of the enzyme. A few conditions may be worth considering in this context.
Firstly, one group of phosphohistidine-containing proteins to be considered as possible natural substrates of the phosphohistidine phosphatase is that of enzymes that are intermediary phosphorylated on a histidine of the active site. Hiraishi et al. reported on the dephosphorylation of nucleoside diphosphate kinase in their study of the 13-kDa bovine liver phosphoamidase [15] , which also has some properties similar to the 14-kDa phosphatase. However, the rate of this dephosphorylation, as calculated from their data, appears to be slower by several orders of magnitude than the rates reported for the dephosphorylation elicited by physiological concentrations of native substrates, such as ADP, cf [30, 31] . The direct contribution by the phosphoamidase activity to the in vivo turnover of the phosphohistidine of nucleoside diphosphate kinase may therefore be negligible. A similar reservation may be worth consideration also for other combinations of phosphatases and intermediary phosphorylated enzymes. Therefore, kinetic data on the dephosphorylation of autophosphorylated ATP-citrate lyase in the paper in press by Klumpp et al. [17] will be highly interesting in this context. Secondly, no further clues to the physiological role of the phosphatase were obtained when a translated BLAST search was performed against nonredundant nucleotide and EST databases at the NCBI site, though homologues were found in a few species. Alignment of the human, mouse, bovine and porcine sequences (Fig. 4) showed that the protein is considerably conserved, indicating an important functional role of the phosphatase. It is noteworthy that none of these proteins have so far been assigned an enzymatic activity, except a human amino acid sequence (CAC16267) retrievable from the patent division of GenBank. This sequence was referred to as Ôprotein histidine phosphataseÕ from its homology with the rabbit-liver protein histidine phosphatase, studied by Klumpp et al. [17] .
Thirdly, the gene of the phosphohistidine phosphatase was found to overlap with a gene showing homology to the mRNA of a rat apical endosomal glycoprotein which is targeted to early endosomes [32, 33] . Whether the small amounts of larger sized mRNA seen in the Northern blot in addition to the 0.6 kb mRNA mirrors alternative splicing remains to be studied. A putative simultaneous expression of the 14-kDa phosphohistidine phosphatase and an endosomal protein may be of interest in the light of the recently described histidine phosphorylation of annexin I from a membrane preparation of ovine tracheal epithelia [34] . Although the detailed subcellular location of the phosphorylated annexin I was not reported, and the effect of the 14-kDa phosphatase on phosphorylated annexin I is still unknown, it is worth noting that annexin I shows endosomal binding in live HeLa cells [35] .
In conclusion, the native substrates of the 14-kDa phosphohistidine phosphatase described in the present work remain to be identified, but the mere existence of this unique phosphatase should offer new possibilities to the area of eukaryotic histidine phosphorylation and dephosphorylation. 
A C K N O W L E D G E M E N T S
